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Corn (Zea mays L.) is the most important cereal crop in the United States; it is traditionally used for livestock feeding, commercial processing, and human food. Recently, the use of corn for fuel has made the crop even more important in the agricultural economy. Corn wet milling is the largest commercial source of starch and can produce ethanol and other products (Johnson 2000) , but most ethanol is now produced using dry-grind technology (Sharma et al 2006) . Wet milling is a process that separates the corn kernels into its main fractions of starch, gluten, germ, and fiber using chemical, biochemical, and mechanical operations (Singh et al 1997) .
Several research procedures have been developed over the last 50 years to extract starch from the corn kernels. Pilot-plant scale procedures with a sample size of 10-100 kg of grain have been designed and wet-milling studies that could be extrapolated to the industrial level were conducted (Anderson 1957; Rubens 1990; Singh et al 1997) . Over the last 10 years, laboratory wet-milling procedures have been developed so that wet-milling characteristics of new corn hybrids and inbred lines in advanced or early breeding programs can be determined. These procedures use a smaller sample size of corn that varies from 1 kg to 10 g of cleaned corn kernels (Steinke and Johnson 1991; Eckhoff et al 1993 Eckhoff et al , 1996 Singh et al 1997; Dowd 2003; Vignaux et al 2006) . Hybrids with high grain yield and improved grain quality such as altered grain composition and high starch extractability are becoming increasingly available to corn growers, largely because near-infrared (NIR) spectroscopy analysis to analyze corn grain composition was developed and adopted as a rapid, relatively inexpensive method to improve grain quality in a breeding program (Hymowitz et al 1974; Poneleit 1994) . However, these hybrids are the result of crossing adapted inbred lines, and rarely have lines containing exotic germplasm been used (Singh et al 2001) . For breeders to develop new cultivars with improved performance, they must work with useful sources of genetic variation (Salhuana and Smith 1998) . Nevertheless, despite its utility as a source of variation for crop improvement, exotic germplasm has seldom been used in advanced breeding programs (Goodman 1985 (Goodman , 1999 . Now, when using exotic materials, maize breeding is easier because of the efforts of the Germplasm Enhancement of Maize project (GEM), a coordinated and cooperative effort among public and private sectors to make early adapted-by-exotic breeding lines available (Pollak 2003) . The GEM project followed the Latin American Maize Project (LAMP), a coordinated international project for the evaluation of this major world crop (Salhuana et al 1991) . In GEM, the best accessions from LAMP were crossed by a proprietary inbred line to make a 50% exotic breeding cross and then crossed to another adapted inbred line of the same heterotic group from another company to produce a new breeding cross with an exotic genetic background of 25%. These materials are yield-tested as test crosses, and the best ones are used to develop new inbred lines .
Based on information from our previous study (Taboada-Gaytan et al 2009), 10 lines from GEM with a wide range of starch yield were crossed to three adapted inbred lines, used as testers, to study the physical and compositional characteristics and wet-milling characteristics of the F 1 hybrid seed. Previously, we found that two of these lines had similar, or better starch, yield and starch recovery than the Corn Belt inbred line B73, considered a line with good starch yield and recovery. So our objective was to determine whether the hybrids had wide variation in wet-milling characteristics when the GEM lines were combined with Corn Belt lines in hybrids. Our hypothesis was that GEM lines could be used to make hybrids with good wet-milling characteristics.
MATERIALS AND METHODS

Genetic Materials
Ten corn lines from the GEM project were selected on the basis of starch yield after laboratory wet-milling by GEM cooperator Cerestar (Hammond, IN, now acquired . These lines were crossed to three commercial inbred lines used as testers (Tester 1, Tester 2, and Tester 3) that provide different starch content to hybrids. Tester 1 is an inbred line that produces hybrids with low starch content; Tester 2 is the Bt version of Tester 1; and Tester 3 is an inbred line that provides a high starch content to its hybrids. Seed of the testers was provided by Golden Harvest (Clinton, IL, now acquired by Syngenta, Wilmington, DE). In this study, the wet-milling characteristics of the hybrids are presented. The hybrid from the cross of B73 by Mo17, two formerly widely used public inbred lines, was included as a check.
Sample Preparation
Seed of the hybrids was produced in Ames, IA, in the summer of 2004. All the ears from each cross were hand-harvested and dried to ≈10% moisture content by circulating warm air at 38°C (100°F) for 72 hr. The dryer was equipped with a fan, a heater, and a temperature controller. Seed from all ears was bulked after shelling and stored at 4°C until used. The 100-g samples were hand-picked; any foreign material and cracked or broken kernels were removed. Two replicates per sample were used to determine physical, compositional, and wet-milling characteristics.
Physical Characteristics
Kernel absolute density (g/cm 3 ) was estimated using a grain analyzer (Foss Infratec 1241, Tecator, Hoganas, Sweden). Test weight was determined by Federal Grain Inspection Services (FGIS) procedures (FGIS 1988) and the values were converted to kilograms by hectoliter (k/hL). The 1,000-kernel weight was measured by using an electronic counter (model 850-2, International Marketing and Design, San Antonio, TX) to count the kernels and by weighing them in a precision toploading balance (OHAUS Explorer Pro, model EP4102C, Pine Brook, NJ).
Compositional Characteristics
Moisture, starch, protein, and oil contents of bulked whole kernels from each hybrid were estimated using the Foss Infratec 1241 grain analyzer. NIT equipment was calibrated and standardized by the Grain Quality Laboratory (GQL) at Iowa State University; the GQL supplies a major portion of the corn and soybean NIR calibration databases of USDA-FGIS.
The GQL bases its starch calibration on the wet-chemistry reference method of the Corn Refiners Association (CRA 2006) . The CRA is used by the corn wet-milling industry and is the official reference for trade as determined by USDA-FGIS. The method was designed and is maintained by the wet-milling industry to be reflective of the starch yield from a traditional wet mill and was originally established to balance a wet-mill process.
Wet-Milling Characteristics
Two samples from each line were analyzed in the laboratory using the 100-g modified wet-milling procedure (Singh et al 1997) . This procedure yields starch, gluten, fine and coarse fiber, germ, and steepwater fractions. The procedure was slightly modified to improve reproducibility. Corn kernels (100 g) were placed in a 500-mL flask and steeped in 300 mL of a solution containing 0.5% lactic acid (Lactic Acid 85%, Certified A.C.S., Fisher Scientific) and 0.2% sulfur dioxide (Sodium Bisulfite Certified A.C.S., Fisher Scientific). The corn was steeped in a single-batch process in a water bath at 50°C for 40 hr. The starch slurry resulting after the fine grinding and the fine fiber separation was placed in a 4-L glass beaker and allowed to settle overnight at 4°C; the starch tabling was done the following morning. Moisture content of the recovered fractions was determined in triplicate using AOAC method 14.004 (AOAC 1984) . Whole kernel moisture was estimated with three replicates according to Approved Method 44-15A (AACC International 2010).
Composition of Recovered Fractions
We determined protein content of the starch fraction using the macro-Kjeldahl method (Corn Refiners Association Method A-18) (CRA 2006) . Protein content in the recovered gluten fractions was determined according to AOAC Method 993.13 (AOAC 2003) using a nitrogen analyzer (RapidN III, Elementar Americas, Mt. Laurel, NJ) using a protein factor of 6.25.
Oil content in the germ was quantified as crude free fat according AOAC Methods 14-084 and 14-085 (AOAC 1984) using the Goldfisch procedure.
Statistical Analyses
Proc GLM and Proc CORR (SAS Institute, Cary, NC) were used to determine statistical differences and correlations among different values, respectively. 
RESULTS AND DISCUSSION
Analysis of Variance
There were significant differences for all variables (P < 0.01) (Tables I and II) . The source of variation represented by inbred lines showed that the hybrids produced have different physical, compositional, and wet-milling characteristics. When the hybrids are grouped by tester, they are statistically different, which means that each tester produces progeny with specific properties. The interaction of line by tester was also highly significant, indicating differences in combining ability for lines and testers.
Physical Characteristics
Test weight is a measure of density or weight per unit of volume of a grain at a standardized moisture level of 15.5% moisture (Harper 2003) . Test weights of hybrids were 72.98-84.06 k/hL with a mean of 79.94 k/hL (Table III) . Test weight of the B73x Mo17 F 1 hybrid was 80.93 k/hL. These values are, in general, higher than the 66.75-79.50 k/hL values reported previously (Fox et al 1992; Rausch et al 1999) . However, Singh et al (2001) reported similar values with a mean of 79.25 k/hL for 51 exotic populations used in the LAMP project. In this case, test weight values can be higher because we used samples dried to ≈10% moisture content. Drier corn can slightly increase test weight.
The thousand kernel weight (TKW) of the hybrids was 232.6-388.4 g with a mean value of 294.0 g. This wide range (156 g) shows great variation of kernel size of the hybrids. The hybrid B73xMo17 had a value of 262.7 g. Fox et al (1992) found a mean of 338 g with a minimum of 291 g and a maximum of 428 g when studying the wet-milling properties of 27 hybrids with a wide range of compositional and physical characteristics. Zehr et al (1995) reported a mean value of 359 g for this variable in a group of hybrids that represented the germplasm groups used in the United States. These values can be higher than those that we report because, although not stated, they could be reporting values for an F 2 generation instead of an F 1 , so it is important to clarify which generation of seed is being used when conducting studies to determine the wet-milling properties of corn samples. Differences in pollination techniques can be another factor that could cause variation in the kernel size if several sources produce the hybrid seed.
Absolute densities had a mean of 1.305 g/cm 3 . Previous studies reported mean values of 1.26, 1.32, and 1.248 g/cm 3 , respectively (Fox et al 1992; Zehr et al 1995; Rausch et al 1999) . Kernel density can be a determinant factor of the wet-milling properties of a corn hybrid because absolute density is mainly determined by kernel hardness, which is an index of the relative proportion of vitreous to floury endosperm (Correa et al 2002) . 82.0 ± 0.13 286.4 ± 3.26 1.316 ± 0.00 68.4 ± 0.00 11.6 ± 0.07 4.7 ± 0.14 3 81.0 ± 0.09 324.6 ± 2.58 1.319 ± 0.01 68.5 ± 0.00 11.8 ± 0.14 4.3 ± 0.07 CH143 1 80.8 ± 0.18 237.9 ± 0.84 1.322 ± 0.00 66.8 ± 0.14 13.0 ± 0.00 4.7 ± 0.07 2 80.3 ± 0.20 232.6 ± 2.03 1.330 ± 0.00 65.7 ± 0.07 14.1 ± 0.00 4.9 ± 0.07 3 79.3 ± 0.14 273.5 ± 0.04 1.322 ± 0.00 66.9 ± 0.14 12.7 ± 0.00 4.9 ± 0.07 
Compositional Characteristics
Starch, protein, and oil contents of the hybrids (Table I) were statistically different (P < 0.01). The starch content mean of the GEM hybrids was 68.20% db; it was slightly lower than the value for the B73xMo17 hybrid (68.65% db). However, some of our hybrids had starch contents of ≤70% db (FS35 and UR11). These results are similar to those reported for dent corn hybrids (Fox et al 1992; Zehr et al 1995) and high-oil corn hybrids (Rausch et al 1999) but lower than the starch content of some commercial hybrids used in other studies (Singh et al 1997 Vignaux et al 2006) .
Protein content mean value of the experimental hybrids was 11.95%; however, the CH143 line produced hybrids with higher protein (14.1% when crossed to Tester 2). The B73xMo17 hybrid had a protein content of 11.35%. These values are higher than those reported for adapted yellow dent hybrids (Fox et al 1992; Singh et al 1997 Vignaux et al 2006) . Our high values can contribute to lower than anticipated starch content and starch recovery from the wet-milling process. Oil content mean values (4.61 and 4.35%) for the experimental hybrids and the hybrid used as control were slightly higher than the values of normal yellow dent corn hybrids. However, oil content can be as high as 8% for high-oil corn hybrids (Rausch et al 1999) . The information related to compositional characteristics of the experimental hybrids used in our study compared with findings of others could also be a result of year-to-year variation in the main components of kernels due to effect of growing environment.
Wet-Milling Characteristics
There were statistical differences (P < 0.001) among hybrids for all the variables evaluated (Table II) . The wet-milling properties of the materials under study are shown in Table IV . Several factors can affect the wet-milling properties of a corn sample. Characteristics of corn hybrids used in the wet-milling industry are important because wet-milling characteristics can affect production costs and industry economic gains (Eckhoff 1995) . Starch yield is the most important recovered fraction (Singh and Eckhoff 1996) from wet milling and indicates the millability (ease with which kernel components are separated) (Curtis et al 1988) , so we will consider starch recovery as the primary parameter of the millability of the hybrids evaluated. The starch yield of the experimental hybrids was 53.36-62.39% db with a mean of 58.69% db. These values are lower than those reported when milling yellow dent corn hybrids (Curtis et al 1988; Singh and Eckhoff 1996; Singh et al 1997; Dowd 2003; Vignaux et al 2006) . However, it needs to be pointed out that the corn samples used in this study are the F 1 generation with the smaller kernel size of the female inbred parent and a higher protein content from the exotic introgression (Table I) , which makes the starch separation more difficult. Corn samples used in the cited reports correspond to commercial yellow dent hybrids advanced to the F 2 generation, which normally have bigger kernel size, higher starch content, and lower protein content, which facilitates the starch separation and, as a consequence, produces higher starch yields. The starch yield mean of the B73xMo17 hybrid was 64.37% db, which was superior to all the experimental hybrids. Nevertheless, in our previous study, some exotic lines had similar or better millability than the public inbred line B73 (Taboada-Gaytan et al 2009), which is evidence that the potential to improve wet-milling characteristics of hybrids grown in the United Stated can be found in exotic germplasm. The tabling method is used in most of the laboratory-scale wetmilling procedures (Singh and Eckhoff 1996; Dowd 2003) to separate the starch from the gluten fraction. This fraction separation is based on the principle of particle density differences. Starch is heavier than the gluten and it settles in the first twothirds of the table, while the gluten remains suspended in the water and is washed out to the end. Gluten yield was 14.54-20.26% db with a mean of 17.36% db. The results are higher than those reported with exotic lines (Singh et al 2001) , adapted lines (Zehr 1995) , high-oil corn hybrids (Rausch et al 1999) , or commercial yellow dent corn hybrids (Fox et al 1992; Singh et al 1997; Dowd 2003; Vignaux et al 2006) . This poor starch-gluten separation can be attributed to the high protein content of these hybrids, which makes it more difficult for the starch granules to release the starch (Watson 1984) .
Fiber yield was 10.64 to 16.61% db with a mean of 12.82% db. These values are higher than those reported in previously cited studies. Germ was 4.36-7.16% db with a mean of 5.33% db. The line that produced the highest germ yields was CH143 when crossed to any of the three testers. This indicates that this particular line has a good germ separation during the first grinding of the wet-milling procedure used. The B73xMo17 hybrid had a germ yield of 6.76% db. These values are similar to those reported by other studies (Fox et al 1992; Zehr et al 1995; Dowd 2003; Vignaux et al 2006) , which shows that even when compositional or physical characteristics of the corn kernels affect the wetmilling properties of the materials under study, the germ yield of these experimental hybrids is not affected. Higher germ yields have been reported for high-oil corn hybrids (Rausch et al 1999) . Steep water yields are in agreement with previous studies. Starch recovery (SR) results from dividing starch yield by the starch content. As starch is the most important product obtained from wet milling, this variable is an excellent indicator of the millability of any corn material. In our study, SR was 70.00-91.29% with a mean of 86.05%. These results are similar to the values obtained for Fox et al (1992) , Zehr et al (1995) , and Dowd (2003) but lower than those reported by Singh et al (1997) . Vignaux et al (2006) reported extraordinary SR values of 91.25-99.25% when the same procedure was used. SR for the B73xMo17 hybrid was 93.76%. Total solids recovery (TSR) was 99.34-99.95% and is similar to the values reported for the industry of 99.6-100%, although a TSR of 98% is generally achievable if the samples are carefully milled (Singh and Eckhoff 1996) .
Composition of Recovered Fractions
The composition of some of the recovered fractions is shown in Table V . Protein content of the starch samples was 0.22-0.32% db with a mean of 0.27% db. According to Vignaux et al (2006) , the typical level of residual protein in commercial starch is 0.3% but it can be 0.27-0.32% (Watson 1984) . Values of 0.26-0.50% have been reported in recent studies (Rausch et al 1999; Dowd et al 2003; Vignaux et al 2006) . Singh et al (2001) reported an average of 1.05% protein content in starch from GEM accessions and attributed it to the poor starch-gluten separation that can be characteristic of lines, adapted or with exotic origin, that have a high level of compositional protein in the corn kernels.
Protein content of gluten samples was 31.88-45.82%. These values are lower than the typical industry samples of ≈66% (Dowd 2003) and can explained by the difficulty in separating starch from the gluten fractions, which results in higher gluten yields with a high concentration of starch and, as a consequence, lower protein content in the gluten samples (Singh et al 2001) . However, gluten obtained when using the tabling method for the starch-gluten separation rarely contains >50% protein content (Watson 1984) .
Average oil content in the germ fraction was 60.91% and varied from 56.14 to 64.83%. Even though these values are high, even compared to those reported for high-oil corn hybrids of 52.5-57.1% (Rausch et al 1999) , they are correct because we reran some samples, including the testers, and the results were the same. Vignaux et al (2006) reported values of 47.85-54.70% for some commercial corn dent hybrids.
Wet-Milling Characteristics of Experimental Hybrids Grouped by Tester
When the experimental hybrids were grouped by tester and their wet-milling properties were analyzed, statistical differences were P < 0.05 (Table VI) . Testers 1 and 2 produced hybrids with very similar wet-milling characteristics, which was to be expected because they are near-isogenic lines differing in insect resistance. Tester 3 produced hybrids that had superior starch yield and starch recovery, which indicates that this inbred line, when used as the male progenitor, produces progeny that would be preferred by the wet-milling industry because those hybrids have better millability. According to Singh and Eckhoff (1996) , a low coefficient of variation or standard deviation of the recovered fractions yields after replicated wet milling of corn samples is an indicator of the reproducibility of the procedure. Coefficients of variance for the recovered fractions were similar to the values obtained by Dowd (2003) and lower than those reported by Eckhoff et al (1996) and Singh et al (1997) , which shows that the reproducibility of our procedure is similar to that of other laboratories.
Correlation Coefficients
Correlation coefficients among the physical, compositional, and wet-milling characteristics of the materials under study are shown in Tables VII-IX. The physical properties of the corn kernels have a direct effect on the compositional characteristics but they did not have a marked effect on the wet-milling properties of the experimental hybrids. However, there was a positive correlation between starch content and starch yield, and a negative strong correlation between protein content and starch yield, which indicates that hybrids with high starch and low protein content will produce higher starch yields. This high correlation between compositional information obtained from NIT and the wet-milling yield of some important fractions can be an indicator that NIT technology can be used to predict the extractable starch of experimental hybrids in early stages of a corn-breeding program. In general, correlations varied largely but followed the pattern reported in previous studies (Curtis et al 1988; Fox et al 1992; Zehr et al 1995; Dijkhizen et al 1998; Singh et al 2001) .
U.S. ethanol production from corn has been steadily growing but much of the increase in production comes from dry-grind corn processing plants, which can be built using fewer financial resources than a traditional wet-milling plant. A laboratory drygrind method to estimate ethanol fermentation in a dry-grind plant has been developed (Singh and Graeber 2005; Lemus et al 2009) , but correlations between ethanol concentration and starch extractability (using the same laboratory method used in our study) and starch composition (using the CRA method as reference method in the NIR calibration) were not significant (Singh and Graeber 2005) .
CONCLUSIONS
There was great variation among physical, compositional, and wet-milling characteristics of our experimental hybrids, which suggest that genetic diversity is present and that potential to improve wet-milling characteristics of hybrids grown in the United States can be found in the exotic introgressed lines from the GEM project. Testers produced groups of hybrids that were statistically different. Tester 3 produced hybrids with higher starch content, higher starch yield, and better starch recovery than Testers 1 and 2. Using inbreds that give high starch content to its progeny is preferable when hybrids with high starch yield are required. There was a positive correlation between starch content and starch yield and between protein content and gluten yield. A strong negative correlation between protein content and starch yield was also found. This indicates that genotypes with high starch and low protein contents will produce higher starch yields. NIT technology may be used as a predictive tool to screen early progeny for high starch content and extractable starch and save time and costs in a corn breeding program directed to the improvement of the wet-milling efficiency in corn.
